. Casubstitution and O-doping effects in superconducting Cu(Ba0.8Sr0.2)2(Yb1xCax)Cu2O6+z obtained from neutron diffraction refinements. Physical Review B, 60(6) Distinct calcium and oxygen doping effects were studied in the Cu͑Ba 0.8 Sr 0.2 ͒ 2 (Yb 1Ϫx Ca x )Cu 2 O 6ϩz (Cu-1212: P) system by means of neutron diffraction and superconducting quantum interference device experiments in the wide substitution ranges of 0рxр0.35 and 0ϽzϽ1. The effectiveness of the two different ways to introduce holes into the CuO 2 planes was compared both in respect to the capability to increase T c and in terms of the hole production as estimated from neutron-diffraction data via bond-valence-sum calculation. Oxygen doping was found to increase the hole concentration less efficiently, and further, at a certain hole concentration value higher T c values were obtained with calcium substitution than with oxygen doping. The two different hole-doping methods exhibited also different T c vs Cu-O bond length relations. As a conclusion, the possible roles of the hole distribution in the in-plane Cu-O bond and the flatness of the CuO 2 planes in determining the superconducting properties were recognized. ͓S0163-1829͑99͒06929-5͔
I. INTRODUCTION
The structures of superconducting cuprates are best described as members of different homologous series expressed by M m A 2 Q nϪ1 Cu n O mϩ2ϩ2nϮ␦ or M -m2(nϪ1)n. In these structures the superconductive Q nϪ1 Cu n O 2n (QϭCa, rareearth element R; nϭ1 -7͒ ''infinite-layer'' blocks are sandwiched by AO (AϭSr, Ba, La͒ layers and M m O mϮ␦ (M ϭe.g., Cu, Bi, Pb, Tl, Hg, C; mϭ0 -3͒ ''charge reservoir'' blocks. 1 For understanding the phenomenon of high-T c superconductivity, evaluation of the factors determining the superconducting properties is essential. The observed values of critical temperature T c are believed to be related to the hole concentration in the CuO 2 planes, which is further commonly associated with, e.g., the valence of copper in the CuO 2 planes. An open challenge is, however, how to explicitly establish the values of such parameters.
In a common chemical approach the hole concentration in the CuO 2 planes is imagined as a mixed valence value of copper and estimated for the layered M m A 2 Q nϪ1 Cu n O mϩ2ϩ2nϮ␦ cuprate structures by first analyzing the oxygen stoichiometry, i.e., ␦ in the M m O mϮ␦ charge-reservoir block, and then sharing the observed excess oxidation evenly in between the different CuO 2 planes in the Q nϪ1 Cu n O 2n infinite-layer block to get a quantity which is best described as a ''nominal average copper valence'' or V Cu,nom , i.e., V Cu,nom ϵ2ϩ͓͑2ϪC cr ͒Ϫ2C rs ϩ͑nϪ1 ͒͑ 2ϪV Q ͔͒/n, ͑1͒
where C cr and C rs are the nominal charges of the M m O mϮ␦ charge-reservoir block and the AO layer, respectively, and V Q is the nominal integer oxidation number of the Q cation ͑e.g. ϩII for Ca and ϩIII for Y͒ in the Q nϪ1 Cu n O 2n infinitelayer block. 2, 3 The nominal charge of the M m O mϮ␦ chargereservoir block depends on the nominal valence of the metal constituent M (V M ,nom ) and the oxygen stoichiometry ␦, i.e., C cr ϭmV M ,nom Ϫ2(mϮ␦). On the other hand, the rocksalttype spacing layers between the charge-reservoir and infinite-layer blocks are usually formed by formally neutral A͑ϩII͒O units, i.e., C rs ϭ0.
Establishment of the oxygen stoichiometry by means of chemical analysis defines the actual hole concentration in an unambiguous way only in the simplest cases such as the ͑La, Sr͒ 2 CuO 4Ϯ␦ compound ͑i.e., 0201 phase͒. In the CuBa 2 RCu 2 O 7Ϫ␦ structure ͑i.e., so-called ''123'' compound, or Cu-1212:P phase, where P stands for a perovskite-type charge-reservoir 1 ͒, for example, even though the calculation of the average copper valence from the chemically analyzed oxygen content value is straightforward, the distribution of holes in between the CuO 1Ϫ␦ chains ͑charge-reservoir block͒ and the CuO 2 planes ͑infinite-layer block͒ is nontrivial, and cannot be evaluated from the chemical analysis data.
Precise structural data obtained from neutron-diffraction experiments and the universal bond valence-bond length correlation, i.e., the concept of bond-valence-sum ͑BVS͒ as developed by Brown and Altermatt, 4 Another interesting question is, which are the optimum ways to fine tune the p(CuO 2 ) parameter, i.e., to dope the existing as well as the ''not-yet-discovered'' cuprate superconductors to reach the ''universal maximum T c .'' Based on the observation 10 that in the p(CuO 2 ) value the contributions from the in-plane Cu-O bonds are counteracted and only the out-of-plane bonds from copper to the apical oxygen (O api ) and from the in-plane oxygen to the Q and A cations have net effects on the hole concentration, three different ways of doping the CuO 2 planes were defined in Refs. 2 and 3, i.e., ͑1͒ shortening the Cu-O api bond and ͑2͒ lengthening the effective O-A or ͑3͒ O-Q bond in the M m A 2 Q nϪ1 Cu n O mϩ2ϩ2nϮ␦ structure ͑Fig. 1͒. It was also shown that these different doping routes may function either separately or in a collaborative manner. In the CuBa 2 ͑Y, Ca͒Cu 2 O 7Ϫ␦ system, for example, incorporation of oxygen into the CuO 1Ϫ␦ chain is seen as gradual movements of O api towards the CuO 2 plane ͓route ͑1͔͒ and Ba away from the in-plane O atoms ͓route ͑2͔͒ as the oxidation proceeds, while substitution of trivalent Y by divalent Ca introduces holes into the CuO 2 planes by lengthening the effective O-͑Y, Ca͒ bond according to route ͑3͒.
2,3
In order to clarify the distinctive features of the different doping routes and to study the efficiency of each route, e.g., in terms of hole production and the capability to increase T c , the different doping routes should be facilitated separately in a fixed parent structure in wide doping ranges. The CuA 2 RCu 2 O 7Ϫ␦ system is, in principle, a good model structure in which the joint effect of doping routes ͑1͒ and ͑2͒ achieved by oxygen doping can be compared to the structural changes associated with the Ca substitution, i.e., doping via route ͑3͒. However, when AϭBa and RϭY, single phase samples are obtained only up to xϽ0.20. [11] [12] [13] Therefore, the Cu͑Ba 0.8 Sr 0.2 ͒ 2 (Yb 1Ϫx Ca x )Cu 2 O 6ϩz system, in which the solubility limit of Ca has been extended up to xϷ0.40, 14 was selected for the present systematic investigation of the Casubstitution and O-doping effects. ͑Note that for the amount of excess oxygen, z is used instead of ''1Ϫ␦.''͒ In the following, essentially single-phase samples with 0Ͻz Ͻ1 and 0рxр0.35 are dealt with. All the samples have been characterized by chemical analysis for the oxygen stoichiometry and by means of x-ray diffraction ͑XRD͒, neutron powder diffraction ͑NPD͒, and superconducting quantum interference device ͑SQUID͒ measurements for the structural and superconducting properties. For discussing the effects of the different hole-doping routes, the BVS calculation approach presented in detail in Refs. 2 and 3 and described shortly in Sec. II of the present contribution is utilized. samples were obtained from the corresponding oxygenated powders by annealing in Ar at 800°C. In order to ensure the homogeneity of the oxygen content in the whole sample all these post-annealings were carried out in powder form in very small batches of ϳ150 mg in a thermobalance ͑MAC Science TG/DTA 2000 S͒ to be able to carefully control the temperature and atmosphere during the oxygen depletion and to in situ detect the changes in the weight/oxygen stoichiometry. In the thermogravimetric ͑TG͒ annealings the heating and cooling rates were 2°C min Ϫ1 , and the isothermal heating period at the final temperatures was 6 h.
II. EXPERIMENTAL

Synthesis and characterization of the samples
The level of excess oxygen in the samples was further confirmed by the coulometric Cu͑ϩI͒/Cu͑ϩII͒ titration method 15 using the experimental setup described in Ref. 16 . In this method, the possible trivalent copper and/or peroxide-type oxygen, i.e., ␣ (CuO) ϩ , is reduced by Cu͑ϩI͒ when dissolving the sample ͓expressed by (Ba, Sr) 2 (Yb 1Ϫx Ca x )"Cu͑ϩIII͒ ␣ Cu͑ϩI͒ ␤ … 3 O 6ϩz ͔ in HCl solution containing a known excess ͑␥͒ of monovalent copper ions ͓Eq. ͑2͔͒. On the other hand, if the sample itself contains monovalent copper, i.e., ␤ (CuO) Ϫ , the Cu͑ϩI͒ amount in the solution increases upon dissolving the sample ͓Eq. ͑3͔͒. Depending on the balance of ␣ (CuO) ϩ and ␤ (CuO) Ϫ in the sample and the initial amount of monovalent copper ͑␥͒ in the solution, different quantities of electricity ͓Qϭ(␥ Ϫ␣ϩ␤)F; FϭFaraday constant͔ are detected when the coulometric back titration of the excess Cu͑ϩI͒ is performed ͓Eq. ͑4͔͒. The average valence of copper (V Cu ϭ2ϩ␣Ϫ␤) and thus the oxygen excess (zϭ0.5ϩ0.5␣Ϫ0.5␤Ϫ0.5x) in 
The synthesized samples were characterized for the phase purity and lattice parameters by an x-ray diffractometer ͑MAC Science MXP18VAHF; 22 Cu K␣ radiation͒, and for the superconducting properties by SQUID measurements ͑Quantum Design MPMS-5S͒ carried out down to 5 K in a field-cooling mode with a magnetic field of 10 Oe. The reported T c values are onset temperatures of the diamagnetic signal.
Neutron-diffraction experiments
Neutron-diffraction experiments were carried out at the R2 reactor in Studsvik, Sweden. The neutron powder diffractometer consisting of a double Cu ͑220͒ monochromator system (ϭ1.470 Å) and 35 3 He detectors spaced 4.00°apart from each others, was used for the precise structure determination by scanning in steps of 0.08°over the 2 range of 4.00-139.92°. The powder samples ͑each 2.5-4.0 g͒ were placed in vanadinium sample holders with a diameter of 6 mm, and the data were collected at 298 K. The neutron flux at the sample was approximately 10 6 cm Ϫ2 s Ϫ1 . For the structure refinements a Rietveld program FULLPROF 17 was used. In Fig. 2 , the unit cell of Cu͑1͒͑Ba, Sr͒ 2 ͑Yb, Ca͒Cu͑2͒ 2 O 6ϩz is shown to illustrate the nomenclature of the atomic positions used in the present study. Since precise detection of very small gradual changes in the structure is crucial for the study, special care was taken to refine all data sets in a consistent way. The refinements were carried out supposing either the tetragonal P4/mmm ͑No. 123͒ or the orthorhombic Pmmm ͑No. 47͒ space group, and assuming a full occupancy for all the other atomic positions with the exception of the O͑1͒ site. The cell parameters obtained from the XRD measurements were used as starting values for a, b, and c. Isotropic temperature factors were refined for all the atoms, except for O͑1͒.
Bond-valence-sum "BVS… calculations
The bond-valence sums for the in-plane Cu͑2͒, O͑2͒, and O͑3͒ atoms were calculated according to the scheme suggested by Brown and Altermatt, 4, 5 i.e., first the bond valence s i j of each i-j bond from an empirically determined parameter R 0 and from the experimental bond length R i j ͑in Å͒ by
and then the bond-valence sum around a species i by summing over the bond valences from all the nearestneighboring counter ions, as
The calculated V i sum was given as a positive value for the metal atoms and as a negative value for the oxygen atoms. The R 0 values 4, 5 used in the present study are summarized in Since the constant ''ϩ2'' in Eq. ͑7͒ is shared just empirically between ⌸͑1͒, ⌸͑2͒, and ⌸͑3͒ ͓Eqs. ͑9͒-͑11͔͒, it is obvious that not the absolute values but only the changes in these parameters are meaningful. Therefore, the ⌸͑1͒, ⌸͑2͒, ⌸͑3͒, and p(CuO 2 ) values were standardized against an extrapolated ''zero sample'' with xϭ0 and zϭ0 to get the corresponding ⌬⌸͑1͒, ⌬⌸͑2͒, ⌬⌸͑3͒, and ⌬p(CuO 2 ) values.
III. RESULTS
Judging from the x-ray-diffraction data, the synthesized Cu͑Ba 0. 8 In order to obtain a reliable estimation for the oxygen excess z from the neutron-diffraction data as well, the isotropic temperature factor of the O͑1͒ atom was fixed ͑at 0.3 Å 2 ͒ due to the very low occupancy of the site in the oxygen-deficient samples. The refinement of the O͑1͒ occupancy in the samples annealed in Ar at 800°C ended up to z values slightly decreasing with increasing Ca content x. In Table II , the values obtained by the two methods for the oxygen excess z in Ca-substituted samples are summarized, together with the observed T c 's. Corresponding data for the Ca-free samples, i.e., for the O-doped samples are presented in Table  III . Even though the differences are quite small, the oxygen content values obtained from NPD refinements seem to be slightly higher than the coulometric titration results. In the following discussion of the efficiencies of the doping routes the z values refined from NPD data are assumed.
As the last steps of the NPD refinements, the partial occupancies of Yb and Ca at the R ͑i.e., Q͒ site and Ba and Sr at the A site were allowed to vary from the nominal values. However, since no improvements in the reliability factors were seen, the partial occupancies were fixed to the nominal values in the final refinements. The final results obtained from the refinements are shown in Tables IV and V. In general, the obtained R p , R wp , and 2 values are small, indicating a good reliability of the results.
In Ref. 14, the full series of Ca-substituted and O-doped Cu͑Ba 0.8 Sr 0.2 ͒ 2 (Yb 1Ϫx Ca x )Cu 2 O 6ϩz samples were characterized for the superconducting properties. In brief, without Ca substitution ͑i.e., xϭ0͒ the Cu͑Ba 0.8 Sr 0.2 ͒ 2 YbCu 2 O 6ϩz phase becomes superconducting when z exceeds 0.45. With increasing oxygen excess z, T c increases in the same two-step manner as that commonly known for the CuBa 2 YCu 2 O 6ϩz system. On the other hand, in the samples with zϷ0, superconductivity appears at xϷ0.20.
IV. DISCUSSION
Concerning the three possible hole-doping routes shown in Fig. 1 , the hole produced in Cu͑Ba 0.8 Sr 0.2 ͒ 2 (Yb 1Ϫx Ca x ) Cu 2 O 6ϩz by the excess oxygen are transferred into the CuO 2 plane for the most part via the gradual movements of the apical oxygen atoms towards the plane ͓route ⌸͑1͔͒ and barium atoms away from the in-plane oxygen atoms ͓route ⌸͑2͔͒, while doping with calcium substitution increases the hole concentration by lengthening the effective bond length, i.e., R i j ϪR 0 in Eq. ͑5͒, from the in-plane oxygen to the ͑Yb,Ca͒ site ͓route ⌸͑3͔͒. The contributions of the different routes with increasing doping levels, i.e., the ⌬⌸ vs ⌬p(CuO 2 ) curves, are illustrated in Figs. 3͑a͒ and 3͑b͒ for Ca substitution and O doping, respectively.
When considering the capability of the two different doping ways to generate holes into the CuO 2 plane, the hole concentration p(CuO 2 ) as established by the bond-valencesum calculation was found to increase less efficiently with O doping than with Ca substitution, as is seen in the ⌬ p(CuO 2 ) vs ⌬V Cu,nom correlations shown in Fig. 4 . This is understand- able, since the excess oxygen atoms are located in the empty site around the chain-site Cu atoms, and are thus supposed to oxidize the CuO z charge reservoir more efficiently. However, two less obvious observations were made from the data. Both of these observations are supported by our recent results obtained from O K-edge x-ray-absorption near-edgestructure measurements for the site-specific hole concentrations in the same sample powders. 19 First, not only O doping but also Ca substitution leads to smaller than nominal ⌬p(CuO 2 ) values, i.e., ⌬p(CuO 2 )Ͻ⌬V Cu,nom . This means that the Cu atoms in the charge-reservoir block are also partly oxidized with the Ca-to-Yb substitution. Since in the Ca-substituted samples practically no O atoms are present in the charge reservoir and the Cu atoms therefore are twofold coordinated, a mixed ϩI/ϩII valence state is supposed for the partly oxidized chain-site Cu atoms. The second observation is that, the ⌬p( 20 in accordance with the observed high ⌬p(CuO 2 ) vs ⌬V Cu,nom rate.
When plotting the critical temperature as a function of the change in p(CuO 2 ), i.e., against ⌬p(CuO 2 ), it is seen ͑Fig. 5͒ that at a certain hole-concentration value higher T c values are obtained with calcium substitution. The two different hole-doping ways also seem to result in different T c vs ͑Cu-O bond length͒ relations ͓Fig. 6͑a͔͒. In other words, increasing the hole concentration in the CuO 2 plane, i.e. the increase in p(CuO 2 ), shortens the in-plane Cu-O bond length as a general trend since antibonding electrons are removed, 21 but the rate of shortening is different for the two hole-doping ways ͓Fig. 6͑b͔͒. This suggests that other parameters besides the hole concentration have to be considered in terms of determining the superconducting properties. One possible additional parameter is the hole distribution in the in-plane Cu-O bond. That is, whether the holes have more Cu(3d) or O(2p) character. In that respect, note that the Cu͑ϩIII͒-O͑ϪII͒͒ and Cu͑ϩII͒-O͑ϪI͒ bonds have different characteristic lengths, i.e., R 0 ͓Cu͑ϩIII͒-O͑ϪII͔͒Ϸ1.73 and R 0 ͓Cu͑ϩII͒-O͑ϪI͔͒Ϸ1.59. 9 Therefore, according to a bondvalence interpretation, within a certain amount of net holes being accomodated in the Cu-O bond, i.e., s i j is fixed, the shorter the R i j value is, the smaller the R 0 should be ͓cf. Eq. ͑5͔͒, and consequently the more the holes would be on oxygen. 3, 22 Another factor which also may affect the T c value is the buckling of the CuO 2 planes. From the ͑flatness of the CuO 2 plane͒ vs ⌬⌸͑1͒ data summarized for the both hole-doping ways in Fig. 7 it can be concluded that the more the holes are doped via ⌸͑1͒ the stronger is the buckling of the CuO 2 planes. The fact that, at a certain p(CuO 2 ) value a lower T c value is obtained when the increase in p(CuO 2 ) is achieved via ⌸͑1͒, is consistent with the observation of Jorgensen et al. 23 that among the different cuprate phases the highest T c values can be assigned to the structures with the longest Cu-O api distances. An interesting question is, whether this interpretation can be extended to square-planar CuO 2 planes, e.g., the inner CuO 2 planes in the M m A 2 Q nϪ1 Cu n O mϩ2ϩ2nϮ␦ phases with nу3, in which the Cu-O api distance can be thought to be infinite. 3, 22 
V. CONCLUSIONS
In the present study, the distinct calcium-substitution and oxygen-doping effects were established in the Cu͑Ba 0. as a general conclusion the present study demonstrated that, not only the hole concentration but also other parameters such as the hole distribution among the Cu and O atoms and the degree of buckling are important in determining the superconducting properties of the CuO 2 planes. We believe that considering the distinct contributions of the different holedoping routes is essential for understanding the superconducting cuprate materials and to be able to explain why, e.g., T c,optimized varies from one cuprate phase to another. Also, in terms of improving the irreversibility field (H irr ) properties, possibility to control the hole distribution between the infinite-layer and charge-reservoir blocks by guiding the holes in the desired part of the layered cuprate structure would be most attractive. 24 
